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Abstract

As part of the California Regional PM2.5/PM10 Air Quality Study, annual average concentrations of PM2.5 associated

organic compounds were measured using filter samples collected every sixth day for 24 h for 1 year. During this time many

central California sites had 24-h PM2.5 mass concentrations exceeding the National Ambient Air Quality Standard of

65mgm�3. The highest concentration of 175mgm�3 was recorded in Fresno on January 1, 2001. Organic speciation of 20

sites within and near the central California valley provides a measure of the spatial differences of emission sources through

the use of organic molecular markers. Additionally, it provides an opportunity evaluate their utility at ambient

concentrations to measure the influence of emission sources at rural and urban locations. The most abundant particulate

phase organic compounds identified were polar organic compounds. Sugar anhydrates, molecular markers of wood

combustion, constituted the largest weight fraction of total carbon, followed by alkanoic acids, and alkanedioic acids.

Local emission sources such as residential wood combustion, gasoline and diesel vehicles were distinguished by unique

molecular markers and found to vary among the annual average sites. The annual average concentrations of individual

organic species within compound classes were observed to be highly correlated for many of the central California sites. The

two Fresno sites were highly correlated to each other especially with respect to polycyclic aromatic hydrocarbons, but not

well correlated to other sites.

r 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

The central valley of California is a low-elevation
geographic basin surrounded by mountainous
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terrain (Fig. 1). The lower portion of the valley, is
in nonattainment of PM2.5 and PM10 standards
(EPA, 2005). During the winter, PM concentrations
in Fresno, CA often exceed the 24-h PM2.5 National
Ambient Air Quality Standard (NAAQS) of
65 mgm�3 with gravimetric mass concentrations
2–3 times higher than the standard (Watson and
Chow, 2002b). Major particulate emission sources
include agricultural activities, biomass burning,
.
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Fig. 1. Map of central California with the annual average sites.
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cooking, on-road and off-road engine exhaust and
oil refinement.

As part of the California Regional PM2.5/PM10

Air Quality Study (CRPAQS), organic character-
ization of annual average samples was conducted
for 20 sites to examine the spatial distribution of
PM2.5 pollutants for the region and their relation-
ships to urban and rural emissions. A few sites were
located just outside the central valley to characterize
regional background concentrations. A previous
study, regarding spatial variability in urban areas in
the US, revealed a higher variability in PM2.5 mass
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concentrations among western sites than eastern
sites (Pinto et al., 2004). A high fraction of central
California PM2.5 mass is carbonaceous material
(Schauer and Cass, 2000; Watson and Chow,
2002a). Very few other studies have conducted a
detailed organic speciation study with high spatial
resolution. One study was conducted in the Los
Angeles Air Basin, which included measurements of
organic compounds for 12 southern California sites
(Manchester-Neesvig et al., 2003) and found ex-
cellent agreement between two co-located samplers
for organic speciation. Central California provides a
unique opportunity to examine PM2.5 organic
composition for several sites within one topogra-
phically ‘‘isolated’’ region. Major air flow patterns
for the valley are northwesterly with marine air
entering the valley through the San Francisco bay
area, which splits north toward the Sacramento
valley and south to the San Joaquin Valley. Up-
slope and down-slope winds occur along the valley
foothills. However, heavily forested areas are
generally far enough upslope to be mostly free of
fresh urban pollution.

The objective of this paper is to examine and
illustrate the spatial distribution, of particle-asso-
ciated organic compounds for the 20 sites. The
spatial characterization of these sites is important
for elucidation of potential molecular markers for
emission sources relative to urban, rural, and intra-
basin sites.

2. Experimental section

2.1. Sample collection

Samples were collected at the annual average sites
every sixth day for 24 h from February 1, 2000 to
January 31, 2001 using Mini-Vol Portable Air
Samplers (AirMetrics). The 20 sites include two
sites in Fresno (FSF and FRS), two sites in
Sacramento (S13 and SDP), Bethel Island (BTI),
San Jose (SJ4), Modesto (M14), Bakersfield (BAC),
and several rural sites including Angiola (ANGI),
Helm (HELM), Feedlot (FEDL), Olancha (OCW),
Pixely Wildlife Refuge (PIXL), Yosemite National
Park (YOSE) and a site in the Sierra Nevada
Foothills (SNF) near Auberry. The sites are
associated with sampling objectives listed in
Table 1 and shown in Fig. 1. Battery-powered
Mini-Vol Portable Air Samplers (Air Metrics) were
used to collect particles on filters in a cassette, which
was equipped with impactors to exclude particles
larger than 2.5 mm in diameter with a nominal
sampling flow rate of 5 Lmin�1. Organic com-
pounds were analyzed from samples collected on
Teflon-impregnated glass fiber filters (TIGF) (Pall-
Gelman, 47mm). During the same sampling period
24 h samples were also collected for gravimetric
analysis of PM2.5 mass on Teflon filters (Pall-
Gelman, 47mm) and for thermal optical carbon
analysis on quartz-fiber filters (Pall-Gelman, 47mm,
heat treated) at 16 of the 20 sites where samples
were collected for organic analysis. Prior to
sampling, TIGF filters were pre-cleaned by sonica-
tion for 10min in dichloromethane (CH2Cl2) twice
followed by methanol (CH3OH), with the solvent
replaced and drained each time. Filters were then
dried in a vacuum oven at �20 inches of Hg and
50 1C, for a minimum of 24 h, wrapped in aluminum
foil that had been pre-fired at 500 1C for 4 h, placed
in Uline metallic Zip-Top static shielding bags, and
stored at room temperature. An aliquot of each
batch of cleaned TIGF filters was extracted, and
checked by GC/MS for purity. Filters were loaded
into cassettes in the laboratory shipped to the field
packed with ice to avoid contamination. After
sampling, filters were immediately refrigerated and
kept cold during overnight shipping. Samples were
archived in a freezer until analysis.

2.2. Analytical methods

Carbon analysis was conducted using the IM-
PROVE protocol (Chow et al., 1993). For organic
compound speciation all of TIGF filters for the year
were combined for each site and extracted by
accelerated solvent extraction (Dionex ASE 300
Accelerated Solvent Extrator) with dichloro-
methane followed by acetone to expand the polarity
range of analytes. These extracts were then com-
bined and concentrated by rotary evaporation
followed by moisture-filtered ultra high purity
(UHP) nitrogen blow down and then split into
two fractions. The first fraction was analyzed
without further alteration for polycyclic aromatic
hydrocarbons (PAH), alkanes, hopanes, and ster-
anes by gas chromatography coupled with mass
spectrometry (GC/MS). The samples were analyzed
by electron impact (EI) GC/MS using a Varian CP-
3800 gas chromatograph equipped with a 8200 CX
Auto-sampler and interfaced to a Varian Saturn
2000 Ion Trap Mass Spectrometer. Analysis of the
PAHs, hopanes, steranes and the internal standards
added were described previously (Zielinska et al.,
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Table 1

The 20 annual average sites

ID Site name Site type

ANGI Angiola Intrabasin Gradient

BAC Bakersfield California

Avenue

Residential and Traffic

BTI Bethel Island Residential and Traffic

CHL China Lake Regional Background

and Traffic

COP Corcoran Residential and School

Buses

EDW Edwards Air Force Base Intrabasin Gradient

FEDL Dairy (near Raisin City) Agricultural

Operations: Dairy Farm

FEL Fellows Commercial: Oil Fields

FRS Fresno Residential Residential

FSF Fresno First St

(Supersite)

Residential and

Commercial

HELM Helm Agricultural

Operations: Cotton

Fields

LVR Livermore Residential and

Commercial

M14 Modesto Residential

OCW Olancha Regional Background

and Traffic

PIXL Pixely Wildlife Refuge Intrabasin Gradient

S13 Sacramento T Street Residential and

Commercial

SDP Sacramento Del Paso Residential

SJ4 San Jose 4th Street Residential and Traffic

SNF Sierra Nevada Foothills Residential and

Commercial

YOSE Yosemite Regional Background

and Traffic
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2004a, b). The second fraction was evaporated to
100 ml under moisture-filtered UHP nitrogen and
transferred to 300 ml silanized glass inserts (National
Scientific Company, Inc.). Samples were further
evaporated to 50 ml and 25 ml of pyridine, 25 ml of
additional internal standards, and 150 ml of BSTFA
with 1% TMCS [N, O-bis (trimethylsilyl) trifluor-
oacetamide with 1% trimethylchlorosilane (Pierce)]
were added. These derivatizing reagents convert the
polar compounds into their trimethylsilyl deriva-
tives for analysis of organic acids, methoxyphenols,
cholesterol, sitosterol, and levoglucosan. The glass
insert containing the sample was put into a 2ml vial
and sealed. The sample was then placed into a
thermal plate (custom made) containing individual
vial wells at 70 1C for 3 h. The calibration solutions
were freshly prepared and derivatized just prior to
the analysis of each sample set, and then all samples
were analyzed by GC/MS within 18 h to avoid
degradation. The samples were analyzed by chemi-
cal ionization (CI) GC/MS technique with isobu-
tane as a reagent gas using a Varian CP-3400 gas
chromatograph with a model CP-8400 Auto-sam-
pler and interfaced to a Saturn 2000 Ion Trap Mass
Spectrometer. Analysis of the polar organic com-
pounds (POC) and the internal standards added
were described previously (El-Zanan et al., 2005).

The measurement uncertainties associated with
each individual compound is defined by analyte

uncertainty¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðprecision�concentrationÞ2þðMDLÞ2

q
;

where MDL is the method detection limit (Bevington,
1969). This equation incorporates the analyte detection
limit for each compound so when concentrations
approach zero, the error is reported as the analyte
detection limit. Analytical precision was measured
directly by replicate analysis of 21 duplicate analyses
as part of the whole CRPAQS database.

Results are reported after blank subtraction with
a composite field blank of 60 individual field blanks
from the 20 sites which were treated identically as
above.

3. Results and discussion

3.1. PM2.5 trends for select sites

During the study period several exceedances of
the PM2.5 24-h NAAQS were recorded. The
maximum 24-h mass concentration reached
175 mgm�3 on January 1, 2001 at FSF. There were
a total of 34 exceedances of the 24-h NAAQS
recorded for 13 of the 20 sites (some sites were
excluded due to missing values). 16 of the 34
exceedances occurred at the two Fresno sites
(supersite FSF and residential FRS) on correspond-
ing days, while four exceedances occurred at M14,
and four exceedances at PIXL. A few exceedances
occurred in COP (3), SDP (2), and FEL (2) sites,
while only one exceedance each was recorded at
LVR, BTI, and HELM sites. All exceedances
occurred within the same time period(s) suggesting
valley-wide meteorological conditions for pollution
stagnation and build-up. Shown in Table 2 are the
arithmetic means of mass and carbon concentra-
tions for the full year and the late fall and early
winter season.

Mass concentrations were highest in late fall and
early winter months, October through January, as
expected from the stronger seasonal temperature
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Table 2

Seasonal influences of mass and total carbon concentrations for the annual average sites

Site Annual average mgm�3 Fall-winter averagea mgm�3 Percent seasonal contributionb

Mass Total carbon Mass Total carbon Mass Total carbon

BTI 8.57 4.08 18.2 5.69 68.5 43.3

CHL 2.29 3.81 1.54 0.90 20.8 9.18

COP 18.5 6.82 36.0 8.20 69.2 42.8

FEL 13.1 5.04 24.4 3.22 68.8 23.1

FRS 24.2 11.3 50.4 18.4 75.1 58.1

FSF 25.3 13.6 54.2 22.6 76.7 56.8

HELM 12.0 5.03 24.8 4.74 71.3 34.3

LVR 10.8 6.80 20.5 9.86 63.4 50.8

M14 17.6 8.94 37.9 13.9 76.7 54.3

OCW 3.75 3.68 2.70 0.49 25.6 5.02

PIXL 19.1 5.92 36.1 6.15 67.2 35.2

S13 11.1 7.50 22.6 11.5 73.7 54.4

SNF 8.73 5.83 13.7 5.31 55.1 31.9

aAverage of samples collected from 10/3/00 to 01/31/01.
bRatios of the sum of concentrations for seasonal composite to sum of all samples (%).
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inversions. To quantitate the seasonal influence
upon the annual average, a ratio of the combined
late fall and early winter concentrations to the total
annual average concentrations is shown in Table 2
as the percent of seasonal contribution to the annual
average. The percent of seasonal contribution to the
annual average mass concentration for most of the
sites was found to be greater than 55% with a
maximum of 77%; values above 33% indicate
seasonal influence (33% represents an equal con-
tribution of the 4-month period to the annual
average mass concentration). CHL and OCW sites,
located east of central California, do not show
pronounced fall–winter mass contributions, since
the values of 21% and 26%, respectively, are lower
than 33%. Seasonal contributions to the annual
average total carbon (TC) ranged from 5–58%,
with a majority of the sites between 30% and 58%
(Table 2). Corresponding to the low seasonal mass
contribution for CHL and OCW, both sites had a
low seasonal to annual TC ratio (9.2% and 5.0%,
respectively). Values ranging from 23% to 35%
seasonal contribution of annual TC were found for
FEL, SNF, HELM, and PIXL. The central
California mass concentrations were largely influ-
enced by carbonaceous aerosol. Annual average TC
concentrations were found to range from 29% to
166% of the annual average PM2.5 mass concentra-
tion. The maximum value, found for CHL, is likely
related to filter absorption artifacts of semi-volatile
organic compounds to quartz filter as compared to
Teflon filters (McDow and Huntzicker, 1990). Sites
outside the central valley of California (CHL,
EDW, and OCW) had very low annual average
mass concentrations, a high percentage of which
was found to be carbonaceous. Rural central
California sites had much lower mass percentages
of TC; those sites included COP, FEDL, FEL, and
PIXL. Overall the annual average mass and TC
concentrations were positively correlated with a
Pearson correlation coefficient (r2) of 0.72.

3.2. Annual average organic concentrations

Selected organic speciation data from select sites
are presented as annual average concentrations in
Table 3 and as the weight fraction of TC in Fig. 2
(complete data set is available in Supplemental
Information). The annual average TC concentration
for each site (13 of 20 sites) was used to normalize
the organic compound annual average concentra-
tions to determine the weight fraction. TC was
chosen to normalize organic compounds due to
differences in OC/EC split obtained by different
thermal carbon analytical methods (Chow et al.,
2001). This subset of sites was then examined to
determine the relative contribution of various
organic compound classes to the TC. The most
abundant compound class was polar organic
compounds (POC). The total POC accounted for
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Fig. 2. Total carbon weight fractions of organic compounds.
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3–10% of the TC, while the total alkanes accounted
for 0.2–1.2%, and the total PAH accounted for
0.05–0.1% (Fig. 2). This class of compounds
includes both components of primary emissions
and secondary formation products.

Due to insufficient data for three sites and no
sample collection for carbon analysis at four sites,
the normalized dataset is limited to 13 of the 20
sites; hence, annual average concentrations without
normalization to TC are discussed. It should be
noted that annual average concentrations were
reported after blank subtraction and that blanks
were found to have some contamination from
impactor grease used in mini-vol samplers. A
complete list of field blank concentrations for all
organic compounds is provided in the Supplemental
Information.

3.2.1. Polar organic compounds

A total of 56 POC, including several unique
molecular markers for biomass combustion, are
reported in a Supplemental Table. The compound
class also includes a variety of organic acids which
are abundant in the atmosphere and in PM2.5 source
emissions (Simoneit and Mazurek, 1982; Rogge
et al., 1991; Rogge et al., 1993b; Chebbi and Carlier,
1996; Nolte et al., 2001). Total POC concentrations
were 30–40 times higher than total PAH concentra-
tions. The most abundant compounds include
levoglucosan, mannosan, alkanoic acids such as
palmitic and oleic acids, and alkanedioic acids such
as succinic and azelaic acids. The sources of
alkanoic and alkanedioic acids include both natural
and anthropogenic emission sources. The percen-
tage of alkanoic acids to the total POC concentra-
tion varies from 11% at FSF to 65% at YOSE. The
fraction of alkanedioic acids varied from less than
10% at LVR to 25% at HELM. The percentage of
sugar anhydrates, levoglucosan and mannosan,
varied from less than 5% at the FEL and YOSE
to 50% at the FSF. The sum of these three
subgroups, alkanedioic and alkanoic acids and
sugar anhydrates comprised 70–88% of the POC
quantitated. These intra-site differences are likely
related to anthropogenic and biogenic emission
source differences. A comparison of S13 and OCW,
(urban and rural site, respectively) provides an
example of these site differences (Fig. 3). Sugar
anhydrates accounted for 38% of the total annual
average POC at S13, and 12% at OCW. Alkanoic
acids were also quite different between the two sites
with values of 31% and 56% of the total POC for
S13 and OCW, respectively. However, the fraction
of n-alkanedioic acids of the total POC at both sites
was relatively constant (9% and 11% for OCW and
S13, respectively). OCW had much lower influence
of fall–winter season on the mass (25%) and total
carbon (5%) concentration, in contrast to S13 (74%
and 54%, respectively).

Biomass combustion is an important source of
PM2.5. There are several sources of biomass
combustion within central California, such as:
wildland fires in the Sierra Nevada mountain range
occurring naturally and by prescription in the
summer and fall, agricultural burning for waste
reduction that takes place in the fall by locally
issued permits, and winter residential wood com-
bustion. From the analysis of fall–winter mass and
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carbon contributions (Table 2), it is reasonable to
assume that the majority of the biomass combustion
for most sites occurred during the fall and winter
period and was likely related to agricultural burning
and residential wood combustion. Unique molecu-
lar markers for wood combustion include levoglu-
cosan, mannosan, syringaldehyde, eugenol,
dehydroabietic acid and retene. These compounds
were positively correlated with each other in varying
degrees due to common sources. Low annual
average concentrations of syringaldehyde, eugenol,
dehydroabietic acid, and retene were recorded at
several sites. The correlation between levoglucosan
and mannosan was very strong (r2 ¼ 0:97) as was
expected due to common sources of these com-
pounds (Zdrahal et al., 2002) and high relative
annual average concentration at many sites. The r2

for syringaldehyde and levoglucosan was 0.72 while
eugenol did not correlate with levoglucosan
(r2 ¼ 0:08); the low correlation coefficient may be
due to the semi-volatile nature of eugenol
(Hawthorne et al., 1989). Dehydroabietic acid was
strongly correlated to retene due to their similar
origin, mainly coniferous woods (Simoneit et al.,
1993; Elias et al., 2001), while both were moderately
correlated to levoglucosan, which is found in both
coniferous and deciduous woods. The highest values
of these molecular markers were found in Fresno.
Levoglucosan and mannosan account for 1.4–2.1%
of the TC for FRS and FSF, respectively. The
annual average concentrations of levoglucosan were
120 and 200 ngm�3 in FRS and FSF, respectively.
In previous studies levoglucosan concentrations up
to 7600 ngm�3 were reported for Fresno during
winter episode sampling periods (Schauer and Cass,
2000; Poore, 2002). Peak levoglucosan concentra-
tions may have been missed in this study, due to
every sixth day sampling; however, levoglucosan
was the most abundant PM2.5 associated organic
compound found in central California.

Although the sources of dicarboxylic acids
include secondary organic aerosol formation reac-
tions (Kawamura and Gagosian, 1987; Grosjean
and Seinfeld, 1989; Chebbi and Carlier, 1996;
Kawamura et al., 1996; Keywood et al., 2004a,b)
it seems that the majority of these compounds
correlate with markers of anthropogenic emission
sources. For example, alkanedioic acids correlated
with levoglucosan, but not with alkanoic acids. R2

values ranged from 0.70 to 0.83 for levoglucosan
versus succinic, methylsuccinic, glutaric, and azelaic
acids. Succinic acid was the most abundant alkane-
dioic acid followed by azelaic acid in most sites.
Succinic acid has been found in vehicular emissions
(Kawamura and Kaplan, 1987; Fujita et al., 2005)
and in oak wood combustion (Rogge et al., 1998).
Phthalic acid, possibly related to secondary atmo-
spheric reactions (Fine et al., 2004), correlated
(r2 ¼ 0:85) with succinic acid. However, phthalic
acid has also been found in vehicular exhaust
(Fraser et al., 2003; Fujita et al., 2005). Both
succinic and phthalic acid were weakly correlated
to vehicular molecular markers, however, the
correlations were not strong enough to indicate
vehicle emissions as a major source of these
compounds.
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Alkanoic acids were prevalent throughout the
valley. Alkanoic acids appear to originate from
different emission sources or precursors than
alkanedioic acids. Highest alkanoic acid concentra-
tions were found in BAC, FEDL, FRS, LVR, SDP,
and YOSE. The highest concentrations of n-
alkanedioic acids were found in FSF (Fresno 1st
Street). The ratio of alkanoic to alkanedioic acids
for most sites ranged from 1 to 2 (Fig. 4), however
BAC, CHL, LVR, OCW had ratios greater than 3,
with a maximum of 5 for YOSE. The minimum
ratio, 0.5 for FSF, may be related to low biogenic
alkanoic acid input. Carbon preference index (CPI)
provides an indication of the origin of monocar-
boxylic acids (Simoneit and Mazurek, 1982; Simo-
neit, 1989; Zheng et al., 2000). Described by
Simoneit (1989), biogenic n-alkanoic acids have a
definite even-to-odd bias due to enzyme-regulated
biosynthesis. The overall CPI of n-alkanoic acids
(C6–C21) was 370.4. CPI values in central Califor-
nia were lower than those reported by Zheng et al.
(2000) for Hong Kong PM10 aerosol (4–23) and
lower than those reported by Simoneit (1989) for
aerosol in China (4–15). The low variance of the
alkanoic acid CPI within central California indi-
cates spatial uniformity of emission sources for
these compounds.

Oleic acid, palmitoleic acid, and cholesterol,
proposed molecular markers for meat cooking
(Schauer et al., 1999b), did not correlate. This is
likely due to their high atmospheric oxidation
susceptibility (Kawamura and Gagosian, 1987).
After removal of the high values for ANGI, FEL,
and COP, a correlation (r2 ¼ 0:88) between oleic
acid and eladic acid was found. However, the
correlation between cholesterol and oleic acid did
not improve. This is not surprising, since annual
average concentrations of cholesterol were below
method detection limits at many sites and oleic acid
has also been found in leaf abrasion products
(Rogge et al., 1993b). The vegetative matter as a
source for oleic acid could explain the high values
found in ANGI, FEL, and COP. The ratio of oleic
acid to azelaic acid for those three sites and FRS,
LVR, and YOSE were all one or greater, while most
of the remaining site ratios were 0.5 or less. Since
azelaic acid may be a reaction product from
oxidation of the oleic acid and other compounds,
the high ratio may be an indication of a high input
of vegetative matter compared to other sources.

Fraser et al. (2003) suggested that palmitic and
stearic acids are highly correlated in part because of
meat-cooking emissions. In this study, palmitic acid
also correlated well with many alkanoic acids and
was one of the most abundant constituents of this
compound class. Palmitic acid and stearic acids are
abundant in ambient aerosol and are found in many
emission sources (Rogge et al., 1991; Schauer et al.,
1999b; Schauer et al., 2002b). Meat cooking could
not be easily distinguished from other emission
sources in this dataset.

3.2.2. Polycyclic aromatic hydrocarbons

Reported in the Supplemental Table are 55 high
molecular weight PAH including alkyl-PAH. This
group of compounds was the least abundant in
terms of their contribution to TC, but they included
many distinctive molecular markers of vehicular
exhaust and wood smoke. The average concentra-
tion of total PAH among the 20 sites was
5.672 ngm�3. The highest concentrations were
found in urban areas such as FRS, FSF, BAC and
M14. The lowest concentrations were found at
HELM, EDW, ANGI, FEL, and LVR. The total
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PAH correlated with the total POC (r2 ¼ 0:63), but
not with the total alkanes (r2 ¼ 0:15). The largest
subgroup of POC, the sugar anhydrates, correlated
with total PAH (r2 ¼ 0:59).

PAH are emitted as a result of incomplete
combustion: sources include biomass combustion
emissions (Oros and Simoneit, 1999; McDonald
et al., 2000; Schauer et al., 2001; Hays et al., 2002),
vehicular emissions (Rogge et al., 1993a; Schauer
et al., 1999a; Schauer et al., 2002a; Zielinska et al.,
2004a,b), and industrial emissions (Rogge et al.,
1997; England et al., 2000). Individual high mole-
cular weight particle-phase PAH present in higher
relative abundance to total PAH in source emissions
(Zielinska et al., 2004b; Fujita et al., 2005) may
indicate vehicle emission source contributions to the
annual average sites. Gasoline vehicles had high
abundances of coronene, indeno(1,2,3-cd)pyrene,
and benzo(ghi)perylene (Miguel et al., 1998;
Zielinska et al., 2004a,b). Elevated ratios of these
molecular marker compounds to total PAH indicate
the significance of vehicular pollution, due to their
higher relative abundance in gasoline vehicle emis-
sions compared to other combustion emissions. The
maximum ratio of benzo(ghi)perylene to total PAH
was 0.08 at FSF followed by FRS, SJ4, SDP, and
M14. High values near 0.05 were found also at
BAC, BTI, SNF, and FEL and lower ratios were
measured at HELM, ANGI, OCW and CHL in
decreasing order. The ratios of coronene to total
PAH had less variance between the maximum at SJ4
and the minimum at CHL. Coronene correlated
with benzo(ghi)perylene (r2 ¼ 0:87) with the excep-
tion of one outlier at SJ4. Source emissions of diesel
vehicles have shown an abundance of benz(a)an-
thracene and chryseneþ triphenylene (Zielinska
et al., 2004a, b). The two compounds correlated
well at all sites except FRS and FSF. Both sites had
a high concentration of benz(a)anthracene, but
unexpected low chryseneþ triphenylene concentra-
tion. Due to these unexpected lows, the benz(a)an-
thracene to total PAH ratios was used to indicate
contributions of diesel emission to the annual
average sites. The peak ratio was 0.06 at FSF
followed by FRS, SDP, and SNF. Values of
approximately 0.04 were found at BAC, M14, SJ4,
BTI and LVR. The minimum value of less than 0.01
was found at CHL followed by ANGI and HELM.
The ratios of benz(a)anthracene to total PAH
correlated with the ratios of benzo(ghi)perylene to
total PAH among the annual average sites
(r2 ¼ 0:79). This might indicate a relative similar
significance of gasoline and diesel vehicle emissions
at corresponding annual average sites.

3.2.3. Alkanes

High molecular weight alkanes (C16 –C36) were
found at each site. The alkanes are less abundant
than POC, but are on average 2–10 times more
abundant than PAH. The total alkane concentra-
tion varied more among sites than total PAH and
POC. The average total alkane concentration was
30710 ngm�3. The total alkane concentrations
among the sites did not correlate well with total
concentrations of POC or PAH. Alkanes arise from
both anthropogenic and biogenic sources. The
alkane CPI is defined as the sum of the odd carbon
number homologs divided by the even carbon
number homologs. Generally, alkanes with a CPI
close to 1 are thought to arise from anthropogenic
sources while higher CPI values indicate a biogenic
origin. The overall CPI for C17 –C36 alkanes was on
average 1.770.3. The alkanes can be broken into
two subsets one with low carbon preference index
(LCPI) for combustion emission sources and a
second with high carbon preference index (HCPI)
for vegetative matter contributions (Bourbonniere
et al., 1997). The LCPI for C17 –C26 was on average
1.270.2, while the HCPI for C25 –C36 was 2.070.4.
These CPIs indicate particulate contributions from
both vehicular and vegetative matter sources. The
fraction of alkane related to vegetative wax may be
estimated for each site by: Wax Cn ¼ ½Cn��

½ððCnþ1Þ þ ðCn�1ÞÞ=2�, where Cn are individual al-
kanes and n is the chain length. Negative values for
Wax Cn were taken as zero, as done by Simoneit
et al. (1991). Positive values of Wax Cn for alkane
series (C16 –C36) were added and divided by the
total alkanes to obtain the fraction of alkane
associated with vegetative wax. The annual average
plant wax alkane was 22–39% of the total. The Cmax

and second Cmax were C31 and C29 consistently for
all sites, providing further evidence of vegetative
input.

Since the overall CPI was near one for most sites
and 64–75% of the alkanes were not from plant
waxes, it may be assumed that the remaining
alkanes were related to vehicular emissions. How-
ever, the alkanes were not found to correlate with
the vehicular molecular markers. In addition
levoglucosan, a maker for wood smoke found in
high concentrations in central California, was not
well correlated to alkanes. Since the spatial dis-
tribution of the high molecular weight alkanes did
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not correlate to molecular markers for vehicular
emissions or biomass combustion, it may be
concluded that alkanes originate from many differ-
ent sources.

3.2.4. Hopanes and steranes

Hopanes concentrations did not pass critical
validation steps due to a strong GC/MS interfer-
ences originating from impactor grease used in
mini-vol sampling. However, steranes were not
affected by the impactor grease interferences. Both
hopanes and steranes are found in lubricating
oils used in engine combustion and have been
found in vehicle exhaust (Zielinska et al.,
2004a,b). 20R5a(H), 14a(H), 17a(H)-cholestane
and 20S13b(H), 17a(H)-diasterane were found to
be weakly correlated with phytane (r2 ¼ 0:37) both
concentrations were too low to be well fitted by
linear regression. Phytane, an isoprenoid has been
reported to be associated with diesel emissions
(Schauer et al., 1999a).

3.3. Spatial distribution of particulate organic

compounds in central California

The annual average concentrations of individual
organic species within three compound classes (i.e.
POC, PAH and alkanes) were highly correlated
among several central California sites. This correla-
tion may indicate that the pollution sources and/or
pollution transport were similar for the year 2000 at
several of the annual average sites. However, the
individual organic compounds measured at the two
Fresno sites did not correlate well to other central
California sites. These two sites, FSF and FRS were
highly correlated with each other, but neither were
well correlated with any of the upwind sites.
Residential (FRS) and supersite (FSF) PAH annual
average concentrations had the highest degree of
correlation for the 55 individual PAH compounds
(r2 ¼ 0:92) compared to other sites, likely because of
the close proximity and similar local emission
sources. These two sites had slightly lower correla-
tion coefficients for POC (r2 ¼ 0:76) and alkanes
(r2 ¼ 0:87).

Correlations of POC concentrations between
most other sites were strongest. Also strongly
correlated among sites were the n-alkane concentra-
tions. PAH concentrations were correlated between
a few sites, but less so than POC and n-alkanes. The
decrease in correlation of PAH may be related to
differences in local emission sources. Several up-
wind sites, BTI, LVR, M14, SDP, and SJ4
correlated well with S13 with correlation coefficients
(r2) ranging from 0.7 to 1. In addition, SNF and
COP correlated strongly to one or more of the
upwind sites. SNF, a rural site in the foothills of the
Sierra Nevada Mountains, was strongly correlated
to BTI, LVR, M14, and S13. In each of these
correlations, the PAH were less well correlated than
POC and alkanes.

4. Conclusions

Annual mean PM2.5 mass concentrations that
were derived from year round sixth day 24-h
samples were dominated by fall–winter samples
collected between October 3, 2000 and January 31,
2001, for many (but not all) sites. During this time
many central California sites had 24-h PM2.5 mass
concentrations exceeding the 24-h NAAQS. The
highest 24-h concentration of 175 mgm�3 was found
in Fresno on January 1, 2001. The most abundant
particulate phase organic compounds identified
were polar organic compounds (POC). Sugar
anhydrates, molecular markers of wood combus-
tion, constituted the largest weight fraction of TC,
followed by alkanoic acids, and alkanedioic acids.
High molecular weight alkanes were the next most
abundant class of compounds. Approximately 30%
of the alkanes quantitated were found to originate
from plant wax. Fifty five PAH’s were identified in
this study, all in low annual average concentrations
compared to POC and alkanes. PAH were found in
highest concentrations at sites with high vehicular
and wood smoke emissions.

Emission source molecular markers varied among
sites. Levoglucosan and mannosan were highest at
FSF followed by FRS, SDP, M14, LVR and S13
and low at FEL, CHL, YOSE, EDW, OCW,
HELM, and PIXL. Additional biomass combustion
markers, syringaldehyde, dehydroabietic acid, and
retene correlated with levoglucosan. Spatial differ-
ences between alkanoic acids and alkanedioic acids
indicate that these compounds arise from different
emission sources and/or volatile precursors emitted
from different sources. Although the origin of
alkanedioic acids remains uncertain, they appeared
to be related to anthropogenic emissions, especially
succinic and phthalic acid, although their atmo-
spheric formation cannot be ruled out. While
alkanedioic acids correlated with levoglucosan,
alkanoic acids did not, suggesting that alkanedioic
acids either are emitted in urban areas or are closely
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related to anthropogenic emissions. Molecular
markers for gasoline and diesel emissions, benzo
(ghi)perylene and benzo(a)anthracene varied among
the sites and showed an increased relative abun-
dance compared with total PAH at sites with
expected vehicle emission influence including: FSF,
FRS, SDP, and SJ4. Relationships between typical
molecular makers for meat cooking and emission
sources were not evident in this study. High-
molecular weight alkanes were found at all of the
central California sites. CPI and plant wax calcula-
tions suggest a moderate influence of vegetative
matter relative to other winter emission sources at
many of the central California sites.

The annual average concentrations of individual
organic species within compound classes were
largely correlated. Many sites, BTI, LVR, M14,
SDP, SJ4, COP and SNF correlated with S13. Many
of these sites are in close proximity with similar
local sources to S13 except SNF and COP. These
correlations provide an indication of the pollution
stagnation and average transport of PM2.5 emission
sources. The two Fresno sites (FRS and FSF)
correlated with each other especially with respect to
PAH, but did not correlate to other central
California sites.
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